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Abstract
Business process modeling is essential for organizations to comprehend, analyze, and enhance their business operations. The
business process model and notation (BPMN) is a standard widely adopted for illustrating business processes. However, it falls
short when modeling roles, interactions, and responsibilities within complex modern processes that involve digital, human,
and non-human entities, typically found in cyber-physical systems (CPS). In this paper, we introduce Role-based BPMN
(RBPMN), a standard-compliant extension of BPMN 2.0 that distinctly depicts roles and their interactions within business
processes. We underscore the value of RBPMN and a role-based context modeling approach through a modeling example in
CPS that facilitates the representation of role-based variations in the process flow, namely a production process in a smart
factory. Our findings suggest that RBPMN is a valuable BPMN extension that enhances the expressiveness, variability, and
comprehensiveness of business process models, especially in complex and context-sensitive processes.

Keywords Business process modeling · Role modeling · Cyber-physical systems

1 Introduction

Business processes (BPs) are becoming increasingly com-
plex, especially in our modern interconnected world where
not only humans collaborate in BPs. Nowadays, we
find highly complex human–human, human–machine, and
machine–machine interactions in the same BP [1]. Such
interactions are typical for cyber-physical systems (CPS),
where many human and non-human process participants
interact, each with their own process goals. Because modern
CPS contain many physical and digital components—from
single sensors and actuators to complex machines and appli-
ances such as smart cars—it is beneficial to model their
behavior and interactions in BPs, not as individual state
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machines or sequence models for each component [2]. One
example CPS that highlights this is a smart factory. We used
the fischertechnik Training Factory 4.0 as a model smart fac-
tory, which we show in Fig. 1.

The individual production stations of the smart factory are
interconnected, enabling the realization of complex business
processes involving physical and digital performers. Exem-
plary processes in the model factory consider (1) the storage
of workpieces in a high-bay warehouse with information
about the workpieces (e.g., their color and ids) determined
by different sensors and stored in a database; and (2) the pro-
cessing of workpieces by an oven and milling machine with
a robot being the central entity for transportation and various
sensors to determine the status of the production stations [4].

Although these processes are machine–machine commu-
nication, they can be modeled with the de facto industry
standard for business process modeling BPMN 2.0.

With recent research on the intersection of business
process management (BPM) and the Internet of Things
(IoT)/CPS [2], BPMN 2.0 has also been shown to help
model simple processes in CPS [5]. However, modern busi-
ness processes have become increasingly complex, revealing
the limits of the BPMN 2.0 standard to express the nec-
essary adaptability, flexibility, and context-dependence of
the current business environment [6]. By taking BPMN 2.0
one step further with a standard-conformant extension that
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Fig. 1 Fischertechnik smart
factory model example [3]

explicitly represents context-sensitive and relational roles
and their interactions in BPs (Role-based BPMN, RBPMN),
we propose an approach that tackles many of the new process
modeling challenges that arise with the increasing complex-
ity of CPS and in other complex settings [2].

This work is an extension of the paper “RBPMN—The
power of roles for business process modeling with BPMN”
[7], published in the BPMDS 2022Working Conference pro-
ceedings. This paper extends the scope of the original paper
in the following ways: It provides more background infor-
mation on roles and variability. The related work section
includes modeling approaches for CPS and variability. The
semantics of the RBPMN elements are stated explicitly.
In addition to the original paper, we present a context-
sensitive BP variability modeling approach. Finally, this
paper presents a more exhaustive evaluation of the model-
ing language.

This paper is organized as follows. Section 2 presents the
challenges modern BP modeling faces, the research objec-
tives we derived from them, and our methodology and how
we aimed to fulfill the objectives. Section 3 presents the role
concept, process variability, and CPS background. Section 4
presents related work in the problem area. Section 5 details
our role-based BPMN extension RBPMN, its development,
syntax, and semantics. Section 6 introduces the new context-
sensitive approach for process variability, and its application
in RBPMN is demonstrated with an example in Sect. 7.
Section 8 shows the evaluations we conducted. Section 9 dis-
cusses our findings and limitations before Sect. 10 concludes
our paper and presents an outlook.

2 Objectives and researchmethodology

2.1 Motivating example

We investigated the inbound delivery process fromourmodel
smart factory (cf. Fig. 1) in more detail and modeled it with
BPMN 2.0.

The process starts when the light barrier is interrupted by a
workpiece placed into the delivery and pickup output (DPO)
station. This triggers the system to get the current environ-
ment status and to register a new workpiece in the database.
The vacuum gripper crane (VGR) then moves to pick up the
workpiece from the delivery and pickup (DPO) station. At
this point, there are three options to determine the color of
the workpiece, each through a different sensor—a color sen-
sor, a camera, or a brightness sensor—given preference in
this order if the previous one is not available. Thereby, the
color sensor is preferred due to its fit for purpose, processing
the data from the camera is more expensive, and the bright-
ness sensor is less accurate. (1) The first option requests a
color sensor in the delivery and pickup station. The VGR
will move the workpiece from the light barrier to the color
sensor and place the workpiece on the color sensor, where
the activity read color is performed and the result is written
to the database. The VGR then picks up the workpiece again.
(2) The second option is using the RGB camera. The VGR
moves the workpiece to the camera so the system can take
a picture, send the picture, and then analyze the picture to
determine the color. The color is then stored for the work-
piece in the database.

(3) The third option makes use of the brightness sensor.
The VGR moves the workpiece to the brightness sensor,
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which sends value changes in the environment status. The
system measures the difference in brightness based on the
reflection of the workpiece and calculates the color on the
brightness changes. This information is then written into the
database.

After the color is determined, the workpiece is moved to
the NFC reader/writer if it is available as determined through
the request NFC sensor activity. The VGR places the work-
piece on theNFC sensor, which reads the information already
stored on the workpiece’s NFC tag. The system writes new
information including the time of delivery, environment sta-
tus, color, and product id within the system to the workpiece.
It is then again picked up by theVGR,whichmoves thework-
piece to the next station. The goal of the inbound delivery
process is to register an incoming workpiece in the system,
determine the state of the workpiece, pick it up, and move it
to the next station.

Now, each of the sensors used for color detection can fail.
The color cannot be determined if all sensors fail or the sys-
tem fails to communicate with them. Without knowing the
color or additional information, the process should not move
forward for individual production but instead, switch to a
different batch processing process rather than customization.
For example, without knowing the color of the workpiece, a
custom request for a red item cannot be fulfilled. However,
a batch process (mass production) that does not require indi-
vidual information is still possible, and a sold item would
generate revenue for the business.

A human worker in this process could also identify the
color andmanually edit the database. If wemake the assump-
tion that the workpiece cannot be carried or moved by a
human, the added complexity is manageable. If we assume
that a human could carry the workpiece to the next station,
the complexity of different potential paths would explode.
As we wrote above, we found the process model of just a
few variants of a rather straightforward process already to be
complex and large. The additional human process participant
does not add value in the example.

In our example, we assume that the NFC reader/writer
would only be relevant for custom productions because cus-
tomers would want updates on their customized products. If
the color cannot be determined, a customized product, which
demands a specific color, is impossible. Henceforth, the
activities involving the NFC reader/writer could be skipped.

The inbounddelivery process is relatively straightforward,
as the goal and the steps to achieve it are known at design
time: A workpiece gets delivered, is registered, its state is
determined and written into a database and onto the NFC
tag of the workpiece and then moved to the next station.
Yet, the resulting process model is complex and hardly read-
able because there are many inputs and outputs from the
numerous sensors and actuators to consider. A well-readable

process model should have 5–7 activities according to Sil-
ver’s Method and Style Guide [8]. If the model is executable,
the number of activities increases manifold. Our model in
Fig. 2 has 29 tasks and only covers a few process variants.
Although we consider the process to be relatively straight-
forward, the complexity is already very high. Furthermore,
expressing each sensor as its own lane increases the size of
the BPMN 2.0 model, making it less readable.

Modern BPs, including those in CPS, are highly complex
[9]. Their process flow must adapt to sudden changes dur-
ing execution, requiring the BP model to reflect the required
implementation accurately [8, 9]. However, the CPS domain
is not the only one that presents novel challenges to BP mod-
eling.

2.2 BPmodeling challenges

Modern BPs are complex collaborations of humans and
machines. Modeling them has brought forth many chal-
lenges. We investigated recent research manifests, practi-
tioner surveys, and scientific literature to derive a non-
exhaustive list of challenges that pertain to our motivating
example and to the modeling of complex business processes
in domains such as IoT and CPS [2, 5, 10, 11]. We used these
sources as a basis to derive amore generalized list of five busi-
ness process modeling challenges C1–C5 that emerge with
the modeling of BPs of increasing complexity in knowledge
and data-intensive domains such as CPS, and where intro-
ducing the concept of Roles might be beneficial to address
these challenges. The identified five challenges are of high
relevance when modeling complex business processes that
involve multiple stakeholders and performers, not only in the
domains of CPS and IoT. Furthermore, we categorize these
challenges if their solutions will require higher expressive-
ness, better comprehensiveness, or more process variability
from a BP model.

2.2.1 C1 Expressing different process performer types
(expressiveness)

Today, machines often include AI-enhanced devices (Chal-
lenge Smart Devices in [12]). We use the term AI-enhanced
instead of smart devices to cover devices that used to be
“dumb” (no connectivity) but were upgraded and can now be
controlled through a system or AI. They can participate as
active process performers who execute tasks and change the
state of a thing, and they can participate as passive process
performers, like sensors, that determine the state of a thing
[12]. Our example (Fig. 2) does not express sensors, actua-
tors, or the system differently. Furthermore, the data object
is insufficient to express the different types of data within a
modern process (Challenge 5 in [12]). A modeling approach
should be able to express new process performer types that
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Fig. 2 BPMN 2.0 model of the inbound delivery process (zoom in the electronic version or find it at publisher’s website)

might emergewith new technology.A recent systematicmap-
ping study shows thatmany researches elect to introduce new
constructs to modeling standards to express IoT devices, as
the existingmodeling elements are insufficient [5]. These dif-
ferent challenges all relate to expressiveness and expressing
different process participants.

2.2.2 C2 Unifying stakeholder perspectives
(comprehensiveness)

To effectively and correctly implement a system it is impor-
tant to consider the perspectives of all involved stakeholders.
BP models describe a system from a behavioral perspective,
but there are other perspectives, such as the system structure,
that must be taken into account. Suppose stakeholders with
different perspectives understand each other’s models and
concepts. In that case, they can form a unified understand-
ing of the envisioned system and processes (Described as
Challenge 6 in [12], Perspective Agility in [13], and expan-
sive BPM and fixed granularity levels for process analysis
in [14]). Unifying the stakeholders’ perspectives requires
an increased ontological overlap between them [13]. An
increased ontological overlap will also help to ensure that the
BP is accurately implemented from theBPmodel [12], which
is especially important to keep alignment with the structural
aspects of the system (Described as Challenges on modeling
software systems from different viewpoints in [15]). These
challenges all relate to increasing the comprehensiveness of
the process model across multiple stakeholders.

2.2.3 C3 Coping with BPmodel complexity
(comprehensiveness)

Many different languages can be used to model BPs, with
varying levels of complexity. For example, the de facto indus-
try standard BPMN 2.0 is a complex BP modeling language
with 90 objects and 143 properties [16]. For comparison, the
UML activity diagram has nine objects and six properties
[17]. However, using a complex modeling language does not
necessarily result in a complex BP model, as BPMN scores
best for the readability of itsmodels [18]. Of course, a BPMN
model usually contains just a fractionof allBPMN2.0model-
ing elements. However, those elements that are required for
BP simulation and execution are often missing in stylized
models, which are used for BP analysis [19]. For example,
our motivating example (Fig. 2) is not a stylized model and
is already complex, even though the process is simple. One
reason is the “the lack of objectivity in process descriptions”
[14]. Keeping the complexity of a process model low will
increase the comprehensiveness of the process.

2.2.4 C4 Modeling BP variability (variability)

Modern BPs are complex, ever-changing, and evolving [20].
Capturing this evolution and variability of a BP during run-
time requires ad-hoc changes to theBP structure, as the actual
BP structure might be unclear at design time (Described
in Perspective Agility in [13] and in Challenge 8 in [2]).
Current BP modeling standards like the BPMN 2.0 are suit-
able for BPs with low variability but insufficient for BPs
with high variability [9]. The presented challenges relating
to variability neither fit the category comprehensiveness nor
expressiveness.
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2.2.5 C5 Modeling context-sensitive elements
(expressiveness and variability)

BPs are not context-independent. In many cases, changes
to the context should trigger a response from the process
flow. If a sensor fails, less context is perceived. Even though
the objective context has not changed, less information is
available to achieve the process goal. Therefore, the process
flow should adapt [21, 22]. For example, if the color sensor
of our model smart factory fails, the process should continue
and not terminate. Instead, the process sequence nowuses the
camera to determine the color of theworkpiece. The analyzed
literature refers to this challenge as Paradox 7 [2], Automated
Process Adaptation [13], and Context-aware Execution [23].
While this challenge relates strongly to modeling variability,
it also relates to the expressiveness of context-dependency in
a model.

In summary, current BP modeling languages are, on the
one hand, too complex and, on the other hand, still not expres-
sive enough for dynamic processes that use AI-enhanced
or complex data objects. The BP models need to express
context-sensitivity and are hard to unify with models of other
modeling perspectives. If we look again at our motivating
example, expressing only some variability already results in
a large and complex model (cf. Fig. 2).

2.3 Researchmethodology

Simply reducing the complexity of our motivating example
would not bring merit to the scientific community and prac-
titioners. Therefore, when aiming to solve the problems of
context-sensitive adaptability, model complexity, and miss-
ing concepts to address the variety of performers, we must
inevitably address the challenges C1–C5 through research.
Based on these challenges, we formulate our research ques-
tions as follows:

RQ1: How can the expressiveness, variability, and compre-
hensiveness of business process models be improved?
RQ2: How can context-sensitive variability in business pro-
cess models be expressed?

From these research questions, we derive the following
research objectives:

• O1: Increase the expressiveness of BP models to model a
variety of process participants (C1)

Addressing challenge C1, our objective (O1) is to accu-
rately enhance the expressiveness of BP models to represent
diverse process participants, including AI-enhanced devices.

• O2: Increase the overlap of the structural and the behav-
ioral modeling perspectives (C2)

Given challenge C2, our objective (O2) is to enrich BP
models by merging structural and behavioral perspectives,
facilitating a unified system understanding. We chose the
structural perspective as it is an essential andwell-established
system modeling perspective.

• O3: Increase comprehensiveness of BP models through
modeling constructs that are well understood in the real
world (C3)

The complexity of BP models presents another challenge
(C3),with differentmodeling languages offering varying lev-
els of complexity. Therefore, our third objective (O3) is to
increase the comprehensiveness of BP models by incorpo-
rating modeling constructs that are well understood in the
real world, thereby making the models more accessible and
easier to understand.

• O4: Enhance variability modeling for context-sensitive
processes (C4, C5)

The last two challenges (C4 and C5) relate to the need
for modeling BP variability and context-sensitive elements.
Modern business processes are complex, ever-changing, and
often context-dependent,which requiresmodels that can cap-
ture this variability and adapt to changes in the context.
Accordingly, our fourth objective (O4) is to enhance variabil-
itymodeling for context-sensitive processes, allowing for the
representation of dynamic and evolving business processes.

We position our research in design science with a mod-
eling language and modeling style as the resulting artifacts
[24]. In particular, we follow the design science research
methodology suggested by Peffers et al. [25] see (Fig. 3).
It consists of 6 phases, starting with the motivation phase,
where a problem is identified. Our motivational example
(Sect. 2.1) and the challenges (Sect. 2.2) represent this phase.
The second phase defines the objectives of a solution to
the abovementioned challenges C1–C5. We are in particular
looking at objectives that address overlap between modeling
perspectives, process variability, and CPS (O1–O4). These
terms are explained in Sect. 3. The third phase is the design
and development of a solution. Design builds on top of exist-
ing approaches, which is why we present related approaches
that inspired us in the related work (Sect. 4). We extend the
de facto standard for BP modeling, the BPMN 2.0 [16], to
accommodate the abovementioned challenges. The result-
ing artifact is our Role-based BPMN (RBPMN). The fourth
phase is a demonstration of the artifact, for which we use our
motivational example.Thefifth phase is evaluation, forwhich
we provide five types of evaluation (Sect. 8). The workflow
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Fig. 3 The Design Science Process of this work (adapted from [16])

patterns, the representation model, and role features evaluate
the expressiveness of RBPMN. The VIVACE framework is
used to evaluate variability in RBPMN. We make a theoreti-
cal argument based onMoody’s “Physics ofNotation” for the
comprehensiveness of RBPMN. Finally, the last phase of the
design science research methodology is the communication
of the artifact, which is this publication.

3 Background

This section introduces the background to a solution that sat-
isfies our objectives. The most relevant concepts here are
Roles, Process Variability, and CPS—as our smart factory
example is one.We investigate the application of Roles as the
basis for a model unification approach because roles have a
relational, behavioral, and context-sensitive nature [26], are
applied in a variety of modeling perspectives [27], and have
been applied to increase the adaptability of structural models
[28] and CPS [29]. A model unification combines different
models into a coherent framework to create a more compre-
hensive representation for multiple stakeholders. Thus, they
may also prove to be beneficial for modeling BPs to address
the objectives mentioned in Sect. 2.

3.1 Roles

Bachman and Daya defined a role as a “behavior pattern
which may be assumed by entities of different kinds [30]”.
This already indicates that it is not just humans that play roles.
While roles were originally introduced for data models, they
have since found their way into all aspects of software devel-
opment because “The concept of role is such a fundamental
one that it is hard to avoid it when talking about the world.

[31]”.We can find roles in behavior models [7, 32–35], struc-
tural models [28, 36, 37], data models [38], security models
[39], and more [37]. As we explain the application of roles
in process models in the related work section, we use this
section to discuss their application in other modeling per-
spectives.

3.1.1 Roles in data models

Bachman and Daya’s definition of roles decoupled behavior
from the entity’s structure. An entity had to play a role to
be a member of a relationship and drop the role to leave the
relationship. Therefore, relationships were defined between
roles, not entities [30]. The Entity-Relationship (ER) model
and the Object-Role Modeling (ORM) language are other
role data models to name here. ER and ORM define roles as
descriptions of relationships [38]. However, the definitions
in ER and ORM do not make good use of the role concept or
its power of expressiveness.

3.1.2 Roles in security models

A famous security approach is role-based access control
(RBAC). In RBAC, roles are understood as: “[…] a set of
transactions that a user or set of users can perform within the
context of an organization [39]”.

3.1.3 Roles in structural models

In structural object-oriented models, roles introduce behav-
ioral and temporal awareness [28, 38]. For both the concept
class is too static to represent them. Bera et al. [38] define
that: “a role can be viewed as a functional schema whose
functions represent mutual properties arising out of an inter-
action among instances of one or more classes.” Building
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upon advances in role research, Schön [36] defines a role
as “A contextual modeling construct with state and behavior
that is fulfilled by an object or its roles to represent it in the
user’s context and extend or change its corresponding spec-
ifications and interactions.” Roles were used for adaptation
purposes and to provide some dynamic perspective in struc-
tural modeling [28]. One language we want to name here
specifically is the business role-object specification (BROS),
which incorporates more recent advances in the role research
stream.

3.1.4 Role characteristics

Even though all perspectives can use the role concept, this
did not lead to a consistent understanding of roles over mul-
tiple perspectives. Role research suffered from discontinuity,
leading to investigations of the existing role definitions and
whether they have a coherent core [31, 37]. They do, and the
coherent core is anti-rigidity and context-dependence [26].
The following example explains this coherent core.An object
can only play the role of Buyer if another object plays the
role of Seller. Both roles only exist in a shopping context.
When an object leaves the context or drops the role, it can
no longer buy or sell. The objects fulfilling these roles would
still exist, but not in these roles, making the performer rigid
and the role anti-rigid [37].

Besides these role attributes, Steimann derived 15 role
features [31], which Kühn later extended to 27 [26], that
characterize role-basedmodeling languages. They found that
rarely all role features are considered, as there is no single
definition of roles [26, 31]. Therefore, a researcher devel-
oping a role-based modeling language should clarify their
definition of the term role [38].

3.1.5 Role definition

Throughout this paper, we define and understand a role as:
“A contextual modeling construct with state, behavior, and
sensory power that is fulfilled by an object or its roles to rep-
resent it in its context and extend or change its corresponding
specifications and interactions.”

One aid for defining role modeling languages is the com-
partment role object model (CROM), a feature-complete
metamodel for role-based modeling languages [26]. The
development of a role modeling language for any model-
ing perspective with CROM as the basis allows a relation to
other role modeling languages.

3.2 Business process variability

The second topic we want to provide more information on is
process variability. Process variability is a pervasive issue in

modern BPs and one of the reasons for their increasing com-
plexity. BPs often vary between different countries (due to
regulations), different domains (due to different standards),
different customers (premium or not), and so on. Every new
context can result in a new BP variant. Context-sensitive
BPs especially possess many variants to achieve their pro-
cess goal, which is why we explain this topic in more detail
here. The core BP is typically the same for the different BP
variants. Some tasks or flows are slightly different between
the variants [40].Modelingprocess variability is the endeavor
to capture these variants in either a set of related models or in
one complex model [41]. Managing these variants is not triv-
ial, so different approaches to dealing with variability were
brought forth.

One approach is configurable process models that define
variation pointswithin amodel.Variation points definewhere
variability can occur, and in a model, they can be specified
through annotations to tasks [42]. A different approach to
model variation points is configurable nodes. A configurable
node is associated with multiple configuration alternatives.
A configurable node adds variability to a model because the
specific process variant is derived once all configurable nodes
are set [43].

When working with reference models from which
organization-specific models are derived, model projection
is projecting only the information of a reference model rel-
evant to a specific scenario. Configuration parameters can
exclude elements of a model or even element types from the
referencemodel [44]. However, an additional adaptation step
is necessary to achieve an organization-specificmodel, as the
configuration is limited by the reference model [42].

Hiding and Blocking are the next approaches we want
to address. Blocking removes edges from a process, which
disables some activities as they and their subsequent tasks can
no longer be reached. Hiding keeps the path in the process
but removes the activity so that subsequent tasks can still be
executed [45].

Other variabilitymechanisms are fragment customization,
where process fragments are added, deleted, or modified;
and activity specialization, where activities of a model are
replaced through specialized versions [6, 40].

3.3 Cyber-physical systems

A CPS consists of a cyber part, typically a software system,
that controls and operates the physical part of the system.
Sensors of the physical system feed the cyber system, which
uses the sensor values to determine appropriate action and
operates the physical system through actuators [46] (Fig. 4).

A related term is “Internet-of-Things” (IoT). Almost all
IoT processes are either a Process-of-Things or a Things-
aware process [10]. Our motivational example of a CPS
follows the notion of Things-aware processes. Things-aware
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Fig. 4 Cyber-physical system (adapted from [2] p. 4)

processes integrate (AI-enhanced) devices into the system
instead of focusing on the inner workings of a device [10].
The IoT-A project has defined the general requirements for
IoT processes, which include privacy, interoperability, secu-
rity, and many more (over 180) [47]. However, IoT can also
provide benefits for BPs and vice versa if concerning chal-
lenges are resolved. These challenges were defined in the
BPM-IoT manifesto [2]. BP models can help manage the
complexity of IoT processes, coordinate many participants,
support them in dealing with new situations, and adapt exist-
ing models to new contexts. The large amount of sensor data
can support conformance checking [2]. However, within a
CPS, AI-enhanced devices do not necessarily communicate
just with one another but also with humans [48].

A CPS has diverse components that participate in a BP
[49]. Various approaches exist to model this diverse range [5,
10]. However, they have no individual modeling constructs
in the modeling standard BPMN 2.0. Furthermore, BPMN
2.0 cannot differentiate between cyber and manual tasks and
cannot sufficiently express process participants who do not
perform physical tasks [11]. In addition, a BP model should
express error handling and how resources are handled at run-
time [11].

4 Related work

4.1 Role-based process modeling

Roles have been part of business processmodeling languages
in different forms and with different definitions for many
years.

Some of the earlier approaches that considered roles as
sets of sequentially ordered actions and or interactions are the
role activity diagram, the role interaction nets, and the object-
oriented role analysis method [33]. However, as processes
became more complex and knowledge workers started to
rise, a sequential activity order was not always given. Knowl-
edge processes require an evolved definition of roles because
activities are performed independently of their sequence.
Therefore, [33] defined roles as the process knowledge of
a process participant. An open question that remained was
who is responsible for a task, is the performer playing a role,
or is the role that executes the task? The flexibility of a BP is
enhanced if tasks are not assigned to performers but to roles.
It is the responsibility of whoever plays a role in that pro-
cess instance, not of a specific performer [32]. Other process
modeling languages that focus on the behavioral and func-
tional perspective, like UML activity diagrams and BPMN,
also contain some role characteristics [50].

The de facto standard for business process modeling, the
BPMN, specifies two types of roles: Resource Role and Pro-
cess Role [16]. The resource role can be responsible for the
process or an activity. A specialization of it is the human
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role, to clearly define that the performer type for this role
must be human. Other potential performers of resource roles
are a group (e.g., sales), organizational role (e.g., manager),
or an organization (e.g., supplier) [16]. What is missing
from this definition of potential performers are non-human
AI-enhanced objects. The process role describes an organi-
zational (e.g., manager) or business role (e.g., buyer). The
process role is expressed through the notation element Lane.
A resource role can be associated with a process role, but the
resource role is not explicit in a processmodel [16]. This view
of roles does not incorporate all the advances role research
has made [38]. Luckily, BPMN 2.0 can be extended, and this
was done so to integrate a resource perspective [51, 52], to
bring context more prominently into the spotlight [53, 54],
and to incorporate roles [7, 35, 48, 55].

TheRALph approach extendedBPMNby addingmultiple
new connectors that express whether a resource (performer)
should remain in a role for subsequent activities [51].Another
approach to incorporate the resource perspective is to add a
resource diagram that can be referenced in the processmodel,
which theBPMN4CPextension does [52]. The actual process
flow always depends on the context, which is why it needs
to be present in some form in the process model.

C-BPMN adds a context model to BPMN process models
to define which variant to use, depending on the current con-
text. Changes to the context lead to a switch to anotherBPMN
model in C-BPMN [53]. The BPMN-CARX extension intro-
duced a global process, task, and Augmented Reality context
toBPMNmodels for IoT andAugmentedReality,where each
context specifies rules. The global context contains organiza-
tional rules that must be executed before a task. The process
context contains process-specific rules that can override the
global rules. The task context contains task-specific rules
that override the other rules and contains additional informa-
tion necessary for the task execution, like IoT sensor data or
potential hazards. The Augmented Reality context contains
specific information for displaying elements correctly [54].

Even though the BPMN 2.0 standard uses roles, their
application does not use what roles can provide. There-
fore, several BPMN 2.0 extensions add roles to some extent.
BPMN4CPS extends the standard for CPS by adding device
roles (sensor role and actuator role). Because modeling each
device as a separate lane would result in an abundance of
lanes, BPMN4CPS proposes using color to define differ-
ent roles, thereby ensuring that the model remains readable
[48]. The BPMN 2.0 extension of [40] presents a different
approach to using roles. They use roles to define task-
authorization constraints. Tasks are assigned to roles, and
users play these roles in a workflow. It could be predefined
that each user must remain in their role during workflow
execution. This ensures that conflicting tasks cannot be per-
formed by the same person, like writing and reviewing one

paper. The extension’s authors use text annotations to specify
the authorization constraints [55].

Recently R-BPMN, a role-based BPMN that applies roles
for abstract modeling of process patterns, was presented.
R-BPMN describes patterns in terms of roles for reuse in
different processes. Every model element could potentially
play a role and be used to define an abstract pattern [35].

We can see that as BPs evolved, so did the role understand-
ing used tomodel them. Roles are already used tomodel CPS
(BPMN4CPS [48]), to unify behavior with different model-
ing perspectives (RALph [51] and BPMN4CP [52]), and to
enhance context-sensitivity (C-BPMN [32]). Furthermore,
BPMN 2.0 was already extended with roles but for a differ-
ent research goal (R-BPMN [35]). Nevertheless, we saw a
mismatch between the advances role research made and the
application of roles in process modeling. Roles were used to
address individual challenges but not as a solution to solve
multiple challenges in different areas.

Therefore, this paper proposes a role-based BPMN based
on the contextual and relational role definition propagated
in the compartment role-object model (CROM) [26]. This
ensures, first and foremost, that the resulting role-based
modeling language can be integrated with other role-based
modeling languages that adhere to CROM. Furthermore, our
challenges and research objectives span multiple domains,
meaning a satisfying solution is not just domain-specific.
We expect the benefits that roles have proven for structural
modeling [36] to be transferable to process models. Previous
approacheswere satisfactory toward their respective research
objectives and challenges. However, satisfying our research
objectives would require the combination of multiple and
then, in some part, contradicting extensions, which would
increase the complexity manifold.With our approach we aim
to satisfy challenges of multiple domains and to combine
expressiveness with process variability without a significant
increase of complexity.

4.2 BPMN extensions for process variability

We use this section to describe BPMN extensions that focus
on process variability. A recent literature review compared
BPMN-based variability approaches that deal with business
process families [40]. We examined those approaches that
extend the BPMN standard.

BPMN* uses feature models to define the node configu-
ration of BPMN model elements. A model element can be a
task, event, or gateway. The feature model defines the con-
text for the different variants. The intended use is for a set of
models [56]. The authors of BPMN* do not explain how they
extended the BPMN metamodel to remain in the standard.

BPMNext provides variability by defining activities as
variation points. It provides a set of models derived from
the core model’s variation points. It can also be extended
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to enable variability through gateways as variation points.
The authors of BPMNext highlighted how they extended the
BPMN metamodel [57].

vBPMN extends BPMN to incorporate the rule language
R2ML for variability. The rules are applied to derive process
variants, resulting in a set of related BP models. The vari-
ability is expressed through process fragments with only one
entry and one exit. The authors of vBPMN explain how they
extend the BPMN metamodel [58].

The BPFM approach of [59] provides multiple variants
and variation points within one model. Tasks are extended
with an additional symbol that expresses if a task is optional.
However, there is no context definition.

C-BPMNdefines configurable process fragments for vari-
ability. The process fragments contain context conditions
under which they are excluded, included, or optional. The
authors of C-BPMN did not describe their extension of the
BPMN metamodel but provided formal definitions [60].

BPMNt extends BPMN for tailoring software develop-
ment processes. There are no representations of context, as
tailoring defines just one variant. BPMNt does not provide
new notation elements and, therefore, remains in the BPMN
standard by adhering to the extension mechanism [61].

Overall, there are quite a few BPMN 2.0 extensions that
enhance process variability and some that aim to incorporate
roles and context. This shows that standard BPMN 2.0 is
insufficient to cope with modern challenges. The existing
approaches address either context-sensitivity, variability, or
perspective unification well. However, they do not address
all areas simultaneously. We aim to develop a BP modeling
language using amodern understanding of roles (Sect. 3.1) to
enhance process variability and context-sensitivity and unify
the behavioral and structural perspectives.

4.3 Business process modeling in IoT and CPS

Using notations from the BPM domain to model processes
in IoT and CPS has received increasing attention in recent
years. Literature studies on modeling IoT-related aspects in
BPM can be found in [5, 10, 23, 62, 63].

Many of the relevant approaches propose to introduce new
types of activities [62, 64, 65], events [65, 66], and process
resources [67–69] to represent IoT and CPS-related aspects
covering sensing and actuation in business processes. The
new IoT devices usually have different capabilities [70, 71]
and contribute to executing one or more process activities,
either alone or in collaboration with others [67, 71–73].

Moreover, related research discusses and addresses the
abstraction gaps that come from different granularities of
actuations and sensing in IoT [14, 74] that need to be rep-
resented in activities, events, and decisions in a business
process model [11, 71, 75, 76]. Data are often produced
by one or more IoT devices (sensors) in combination at a

much lower granularity than it can be used to make informed
decisions on the level of a business process. To not increase
the complexity of process models by, for example, repre-
senting each sensor as an individual lane in a BPMN-based
process model, several works discuss the use of abstraction
mechanisms such as complex event processing [75, 77] and
ontology-based inference [71] to combine and abstract low-
level sensor data.

All of the aforementioned approaches specifically tar-
get the modeling of novel IoT and CPS-related aspects that
emerge with the extension of BPM into the physical world.
They address specific challenges and objectives associated
with the IoT and CPS domains, but do not cover the more
generalized challenges and objectives that we have identi-
fied related to the increasing complexity and variability of
business process models in Sects. 2.2 and 2.3. In our work,
business processes inCPS (e.g., a smart factory)merely serve
as illustrating examples, but complex business processes that
may benefit from a role-based modeling approach can also
be found in many other domains (e.g., finance, e-commerce,
or healthcare).

5 RBPMN: a role-based BPMN

5.1 Developing RBPMN

The BPMN 2.0 standard and the abovementioned extensions
do not address all our objectives with onemodeling language
or language extension. For the first objective, the presented
BPMN extensions in the related work Sects. 4.2 and 4.3 were
for specific domains or specific devices and did not provide a
general solution for any new process participant. The related
work does not provide a unified approach that effectively
merges structural and behavioral perspectives in a way that
enhances the overall system understanding, which is neces-
sary for achieving O2. The related work in Sects. 4.2 and 4.3
does not sufficiently address the need formodeling constructs
that are easily understood in the real world, which is essen-
tial for achieving O3. They are useful for domain experts
but not for novices. Furthermore, many extensions intro-
duce more complexity into the process model. Finally, the
related work in Sect. 4 does not provide a holistic approach
that enhances variability modeling for context-sensitive pro-
cesses in a way that addresses multiple domains and reduces
complexity, which is necessary for achieving O4. There is
no approach that satisfies all objectives, each one individ-
ually is solved by at least one. We aim to close this gap
so that instead of requiring modelers to use different lan-
guages for each objective, which just adds to the complexity
of managing models, we see benefits in having one language
that fulfills all objectives. Therefore, we were faced with the
choice of either developing a new BP modeling language
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entirely or extending an existing one. Both approaches have
their advantages and disadvantages.

Developing a new language without limiting restrictions
allows for better targeting of the mentioned objectives by
modeling context-sensitive models with high variability that
express different stakeholder perspectives. However, this
does not take into account opposing goals or objectives.
A new language could also address issues of existing lan-
guages, like ontological clarity or overload of concepts [78].
The downside is that developing a new language adds to the
existing plethora of languages. In addition, language adop-
tion in practice without commercial tools and toolchains is
unrealistic [79].

Extending an existing language that is alreadywidely used
enables practitioners to continue using their tools. Further-
more, existing semantics can be used. While there are no
experts in the extended language, there are experts of the
standard who can quickly become experts in the extension.
The downside of extending is the restrictions to be consid-
ered in order to remain within the standard [79]. This also
means that not all requirements might be satisfied.

We chose to extend an existing language, to be pre-
cise, the de facto standard for business process modeling
BPMN 2.0. Our role-based BPMN extension (which we
termed RBPMN) was developed to provide multiple ben-
efits. To increase the expressiveness, we used Roles as the
key modeling construct. In particular, we used the mod-
ern role understanding propagated through CROM, which
can already be found in different modeling perspectives, and
introduced it to BP modeling [26]. Because our role under-
standing (see Sect. 3.1) sees roles as behavioral, relational,
and context-sensitive constructs, a broader introduction of
them to BPMN 2.0 will bring context more into the spot-
light.

5.2 Extending BPMN

The BPMN 2.0 specification describes an extension mech-
anism by addition to develop standard conform extensions.
The problem with the extension mechanism is that it is not
well described. It states that the semantics of any BPMN 2.0
elementmust not change and that a resulting extendedBPMN
2.0model should retain the look and feel of a standardBPMN
2.0. This led to extensions that are not standard conform [80,
81]. The BPMN + X approach of Stroppi et al. guides the
development of standard conform domain-specific BPMN
2.0 extensions [82]. However, our approach is not domain-
specific but of an overarching nature, which is why we chose
the evolvedBPMN+Xapproach ofBraun andEsswein [52].
They extendedBPMN2.0 to integrate a resource perspective.
As one development goal was unification with other perspec-
tives, it was deemed the more promising approach. Figure 5
provides an overview of the method.

We explain its application in the following subsections.
The approach consists of 4 phases. It starts with develop-
ing a conceptual model of the extension, which we show
in Fig. 6. The extension contains elements of CROM [37]
and the role-based structural modeling language BROS [28]
(Red), BPMN [16] (green), and new elements (orange) to
address the challenges in Sect. 2.2.

5.3 Abstract syntax

The transition from the conceptual domain extension model
(CDME) to theBPMN+Extensionmodel requires a descrip-
tion of the RBPMN in terms of the BPMN 2.0 extension
mechanism (see Fig. 7). The 15 transformation rules to derive
a BPMN 2.0 extension from a conceptual model (cf. Table
1) are taken from [82].

These rules present mapping guidelines to ensure the
BPMN extension conforms to the mechanism. For exam-
ple, suppose a new data type of an existing BPMN concept
is modeled in the CDME model. In that case, this new
data type is an ExtensionAttributeDefinition in the BPMN
+ X model. If an entirely new concept is modeled in the
CDME, it is transformed into an ExtensionElement Prop-
erty/ExtensionAttributeDefinition. Furthermore, suppose the
new concepts are generalizations or specializations of exist-
ing BPMN concepts in the CDME. In that case, they are
transformed into ExtensionRelationship in the BPMN + X
model.

Following these rules results in a BPMN + X model,
the abstract syntax of RBPMN (Fig. 6). We keep the stan-
dard BPMN 2.0 elements green and the extension elements
orange. We show only those BPMN 2.0 elements that are
related to RBPMN elements. The element Pool already fits
the compartment definition as an “objectified collaboration
with a limited number of participating roles and a fixed scope
[37]”. Therefore, we did not transform it. The passive role is
an extension concept relating to the BPMN concept artifact.
From Table 1, we can deduce that an Extension Concept of
the CDME model is transformed into an ExtensionElement
in the BPMN+Xmodel. The Role as an Extension Concept
and super class of active and passive roles is transformed into
an Extension Definition.

The third phase addresses the development of the concrete
syntax, which we explain in the next section. The subsequent
section will then present the semantics of the RBPMN ele-
ments.

5.4 Rationale and semantics

We use this section to explain the semantics of the new
RBPMNmodeling elements, which we show in Table 2. The
newelements address the researchobjectivesO1,O2, andO3.
The new attribute of BaseElement ContextLevel is needed to
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Fig. 5 Adapted overview of the
extension method of Braun and
Esswein [24]

Fig. 6 The RBPMN metamodel as a UML class diagram

achieve O4. The active, passive, and location role were intro-
duced to account for the variety of process performers in a
modern process (see O1). Furthermore, roles have structural
and behavioral aspects (see Sects. 3.1 and 4.1), which makes
the role concept an ideal candidate to support the unifica-
tion of these two perspectives (see O2). As [31] puts it (see
Sect. 3.1), roles are fundamental to describing theworld. This
means they are a well-understood construct of the real world
(O3). The introduction of role relationships was required to
ease the unification of role-based behavioral and structural
models (O2). To enhance the overall expressiveness of BP
models, specifically for runtime resource allocation, the role
start event and the Role Gateway were necessary (O1).

The role relationships role inheritance, role implication,
and role prohibition were already established role rela-
tionships defined in the Compartment Role Object Model
(CROM) [26]. Therefore, adhering to established role rela-
tionships made the introduction of those three necessary. The

role condition is a new relationship introduced to realize the
workflow pattern Milestone [83] and improve resource allo-
cation, as not every resource is needed at the start of the
process and might never be needed.

5.5 Concrete syntax

Table 3 presents the concrete syntax of theRBPMNelements.
As a BPMN extension needs to keep a BPMN model’s look
and feel [16], the new elements do not conflict with existing
ones. Where not contradicting the extension restrictions of
BPMN, we used the existing design of another role-based
modeling language [28] for relations.

Because swimlanes are in their form rectangles, we
decided on continuing the form of a rectangle for all roles,
active, passive, and location. This decision was made fol-
lowing the “Physics of Notations” principle of perceptual
discriminability, primarily visual distance and primacy of
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Fig. 7 The RBPMN Extension model as a UML class diagram

Table 1 BPMN + X
transformation rules [82] Class Property Type Representation

BPMN concept Original Data type BPMNElement property

BPMN concept Original BPMN concept BPMNElement property

BPMN concept New Data type ExtensionAttributeDefinition

BPMN concept New BPMN concept ExtensionAttributeDefinition

BPMN concept New Extension concept ExtensionAttributeDefinition

BPMN concept New Extension concept ExtensionRelationship

Extension concept New Data type Extensionelement
Property/ExtensionAttributeDefinition

Extension concept New BPMN concept Extensionelement
Property/ExtensionAttributeDefinition

Extension concept New Extension concept Extensionelement
Property/ExtensionAttributeDefinition

Class Generalization Super class Representation

BPMN concept Original BPMN concept BPMNElement generalization

BPMN concept New BPMN concept Invalid

BPMN concept New Extension concept ExtensionRelationship

Extension concept New BPMN concept ExtensionRelationship

Extension concept New Extension concept ExtensionElement generalization

Extension concept New Extension concept ExtensionElement generalization
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Table 2 RBPMN element semantics

RBPMN element Semantics

Active role Where BPMN defines lane as a role,
department, or system [9], RBPMN
defines active role as a role with activities
that change the state of something

Passive role A new role type that RBPMN introduces.
We differentiate role types because not
every role which is necessary to achieve a
business goal also performs or is
responsible for a task. For example, the
data role (in the BPMN data object) is
important but has no tasks it is responsible
for. A passive role can determine the state
of something, e.g., a light sensor

Location role A special passive role expressing a space
(physical or virtual) where the tasks and
roles it encapsulates in the model must be
executed and played within said space. For
example, a clean-air room in the
semiconductor industry. The location role
provides a state but does not change or
determine the state of a role. It’s a context
provider, not a context modifier

Role start event Denotes a role to be playable. It can be
thrown by a task and is associated with the
role condition relationship. It is used to
specifically express the moment a
performer starts playing a role in a BP

Role gateway When splitting, it expresses one performer
to now play multiple roles simultaneously.
When merging, it expresses one performer
drops all but one role

RBPMN relationship Semantics

Role condition Expresses that Task 1 must be executed
for role A to be playable. For
example, the task of defending the
Ph.D. thesis must have happened to
play the role of PostDoc

Role prohibition Denotes that the same performer must
not play Role A and Role B. For
example, a performer must not be the
Author and Reviewer of the same
paper

Role inheritance Expresses that role B inherits attributes
and methods from role A. For
example, the role Undergraduate
Student inherits from the role Student

Role implication Expresses that playing role A leads to
playing role B. For example, playing
the role Lecturer implies playing the
role Faculty, but not all Faculty are
Lecturers. The Lecturer does not
inherit attributes from Faculty

Table 3 Concrete syntax of RBPMN elements

Element Concrete Syntax

Active Role

Passive Role

Location Role

Role Gateway

Role Start 
Event

Relationship Concrete Syntax

Role 
Inheritance

Role Condition
Role 

Implication
Role 

Prohibition

shape [84]. Although the roles are different, they are closely
related, and a model reader, even if unfamiliar, should be
supported in recognizing the relationship.

RBPMN provides a generic construct for passive roles in
the formof a rectangle. However,modelers are encouraged to
use icons or pictograms where applicable. This distinction is
made as symbolic signs allow for different interpretations of
one element,which is also stated inThePhysics ofNotations’
principle of semantic transparency [84]. In contrast, an iconic
sign, like the pictogram used for a data role, limits themargin
of misinterpretation [85]. This also relates to Challenge 1.
Different process performer types can be expressed through
different pictograms. The introduction of iconic signs for

123



RBPMN: the value of roles for business process modeling

yet-unknown process participants necessitates guidelines on
how to use them. Iconic signs should only be used if the
performer that will play this role is final at the design time,
e.g., in ourmotivating example, multiple performers can play
the role of color detector and therefore this role should be a
rectangle, but only a camera can play the role of camera and
therefore a camera pictogram can be used. There should only
be one iconic sign of a performer type per model, ideally per
organization. Performer types can differ in their granularity.
A camera could be a security camera and a movie camera. In
that case, the performers differ in their uses fundamentally,
validating the use of different iconic signs.

The location role is a semi-transparent rectangle with dou-
ble borders. As it overlays over tasks and can span multiple
active roles, it is distinct from active and passive roles and
other RBPMN elements.

Because we stayed with rectangles for roles, we also used
rectangles for the role start event and role gateway. The circle
shape of the event and the diamond shape of the gateway,
as defined by the BPMN 2.0 standard, remain. Apart from
the new elements, there are also new relationships added of
which the role constraints were defined in [86].

The role inheritance between passive roles is a straight line
with a white-filled arrowhead. This design is well known
from the inheritance relationship in UML class diagrams
[17]. The role implication is a dashed line with a circle at
the currently played role and an arrowhead at the implied
role. Designs for the role implication relationship from other
role-basedmodeling languages such as BROS [36] or CROM
[26] are equal or too similar to BPMN 2.0 relationships and,
therefore, could not be chosen. A dashed line with a circle
and an arrowhead does not yet exist in BPMN 2.0. Role con-
dition is a dot-dash line with a diamond at the task and an
arrowhead at the role. This is a new role relationship, and
the dot-dash line does not exist yet in BPMN 2.0, making it
easily distinguishable. Role prohibition is a dashed line with
a backslash in a square in the middle of the path. The square
containing the backslash was chosen, as it relates to the gen-
eral prohibited sign.1 Modelers are encouraged to place the
square outside pools and lanes, to reduce cluttering of rela-
tionships in a model.

As Challenge 2 relates to the Physics of Notations prin-
ciple of cognitive integration, the conceptual integration that
RBPMNprovides through the role concept was also intended
to be highlighted in the concrete syntax [84]. However, as a
BPMN 2.0 extension, it faces some restrictions that prohibit
a higher cognitive integration by using the same concrete
syntax of other role-based modeling languages [16].

1 ISO 3864-1.

5.6 Modeling example

To illustrate the use of the new RBPMN elements, we chose
the Sorting Line process of the smart factory and added a
quality control check to it (Fig. 8). The process starts when
a thing playing the role of workpiece arrives at the sorting
line station. A color detector is requested (triggering the start
of the passive role color detector as shown through the role
start events). Without the request, the color detector is not
playable, as indicated through the Role Condition constraint.
The workpiece is then moved to have its color determined
through the Information System. The Mover role can be
played by the Performers Conveyer Belt or Vacuum Grip-
per Crane. The possibility to detect and verify the color is
provided through the location role Color Determinator. The
Color Determinator is part of the Information System, which
executes the tasks. The location role encapsulates the roles
color detector and Color Verifier as well as the tasks Detect
color and Verify color and finally determines the pickup area
for the Colored Workpiece. The color is detected through
the color detector role, which is played by the role of Color
Sensor in the ideal process. The RGB-Camera (For which
we chose the appropriate icon instead of the generic sym-
bol), which plays the Surveillance Camera role, additionally
starts playing the role of color verifier. This additional role is
expressed through the role gateway.Once the color is verified,
the Colored Workpiece role, inheriting from the Workpiece
role provides information for the Information System, which
pick up line to choose. Blue colored workpieces are moved
to area 1, Red colored workpieces are moved to area 2, and
White colored Workpieces are moved to area 3. Finally, the
workpiece is released and from there, moved to the delivery
and pickup station. It is important to ensure that color detec-
tor and color verifier are not played by the same performer,
which we expressed through the role prohibition relationship
between them.

If a human performer were to be considered in the
example, they could play an active role (Mover or (new)
Database-Editor) and a passive role (color detector or color
verifier). They could detect the color of the workpiece and
therefore determine the state and then enter the information
into the database, thereby changing the state of theworkpiece
in the system.

6 Modeling context in RBPMN

Modeling is the act of a modeler expressing their perspec-
tive of a domain with a modeling language [87]. While we
have stated that roles are context-sensitive (see Sects. 3.1
and 4.1), we have yet to show how context is modeled in
RBPMN. We have introduced the modeling language in the
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Fig. 8 RBPMN model of the sorting line process of the model smart Factory with a quality control check

previous section. This section introduces howcontext ismod-
eled.We start by explaining how standard BPMN 2.0 models
are designed.

6.1 Method and style vs. executable models

The BPMN modeling style differs for executable and non-
executable process models. The non-executable process
models are used by business users for the documentation
and analysis of processes. The most prominent approach is
“Method and Style” [19]. Following “Method and Style”
results in well-structured processes that often hide the true
complexity of activities. Complex user or machine tasks are
displayed as atomic tasks, which is understandable for the
modeler but unclear for a model reader unfamiliar with the
process itself [19].

Executable process models, on the other hand, are typ-
ically more complex. They express data and dataflows
explicitly. Compared to non-executable process models, the
tasks are fine-grained, and the task types are well-defined.
End events should always define distinct end states of the
process and not generalize exceptions [19]. However, a har-
monization of the two modeling styles never came to be.
Rather, business users stick with “Method and Style” while
the software developers create executable models. They are
still modeled with one language but look very different.

Our focus is more toward executable process models that
define tasks and events in a more fine-grained manner, for
which the popular “Method and Style” only shows limited

applicability. Henceforth, we looked at existing modeling
approaches that deal with context.

6.2 Context variability modeling

Our motivating example (Sect. 2.1, Figs. 1 and 2) shows that
an executable model with some variability quickly results in
a very large, complex, and hardly readablemodel. A different
approach to modeling one large model that contains multiple
variants is creating a set of models that share the same pro-
cess (seeSect. 4.3).Creatingmultiple relatedmodels is useful
whenoperating the sameprocess in different contexts.Differ-
ent contexts could be, for example, different countries, which
require different regulations and, therefore, slight changes
between the BPs. The models themselves remain smaller
and more readable, but grasping the complexity of all vari-
ants combined is more difficult. Also, maintaining multiple
models is more cumbersome.

One complex model is better for one context when the
chosen variant is unclear until runtime [43]. Our motivating
example is in the category of one context. Therefore, we
chose the one-model approach to express variability. There
is an objective context (workpiece, order type, environment
status, etc.) ofwhich parts are perceived through the available
sensors. The executed process variant differs depending on
how much of the objective context is perceived.
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6.3 Role-based context modeling

In Sect. 3.1, we defined roles as contextual modeling con-
structs that can extend or change the specification and
interactions of an object to fit the current context. Further-
more, roles can have or use sensory power, meaning they can
perceive the context. Therefore, the subjectively perceived
context defines the characteristics of a role.

In our motivating example, whether batch processing is
made or a customized order can be fulfilled depends on the
ability of the system to detect color. If the color sensor or the
camera is available, the workpiece’s color can be determined
reliably. If only the brightness sensor is available, the deter-
mination of the color has a higher chance of error. The context
of “determine color” objectively stays the same, as the work-
piece does not change its color. However, the perception of
the context is less rich in case of faulty sensors and, therefore,
requires a higher adaptation. Adding a backup color sensor
to the system could lead to a richer perception of the context
and thus provide more possibilities to achieve the process
goal.

Determining the specifications and interactions of a role
within each subjectively perceived context requires every ele-
ment of a BP to be providedwith the context perceptions they
appear in. Therefore, a new attribute ContextLevel is intro-
duced to the BPMN 2.0 BaseElement. At the global level of
the process, it contains an entry for every context percep-
tion and a list of all process elements within it. The list is
filled through ContextLevel as an attribute of every process
element. If any sensor fails, the BP flow must fall back to a
BP variant that requires a less rich perception of the context.
This is shown in our demonstration chapter in Figs. 11, 12
and 13.

6.4 Runtimemonitoring of context

The chosen variant for the flow of a specific process instance
is determined at runtime. While the variants for different
levels of context perceptions are defined at design time, the
chosen variant can only be determined once the context per-
ception for this instance is final. This includes knowledge
of all available sensors. Ensuring that the process goal can
still be achieved even if a sensor fails requires changes of
the variant at runtime. Of course, an additional benefit would
be monitoring the current variant through the process model.
This does not mean just a directly follows graph. It means
reducing the possible process paths and updating the shown
process model while it is executed.

This can be achieved through the variability concept
hiding (Sect. 3.2). Suppose a sensor fails and the context per-
ception is less rich. In that case, the process flow will drop
to a context definition that does not require that sensor or the
data provided by it. The process model is updated to display

the variant for the currently perceived context. The BP ele-
ments that are not defined for the updated context perception
are hidden.

Especially in highly technical and complex processes,
some later activities might rely on information generated
early in the process. If the data generation failed earlier in
the process, the later task that requires that data should no
longer be a possible activity. The process execution should
update to follow a variant that does not require these data or
the activities. This process monitoring approach ensures that
no activities are attempted later in the process that can only
fail due to missing data.

The poorest context perception would be one that does not
require additional data to achieve the process goal than what
was available at the start of the process. However, suppose
the context is perceived in its objective reality; in that case,
the process flow can take different paths to create necessary
data or estimate it well, even if one sensor fails.

7 Demonstration of context variability

We chose our motivating example to demonstrate how the
requirements stemming from the smart factory’s inbound
delivery process are fulfilled.

We use color to highlight the different perceived contexts
specified per process and attributes of the RBPMN elements.
However, we assume that alternative color schemes or visu-
alizations (e.g., filling patterns) could be used for the same
purpose and should be implemented as user-based settings
in respective modeling tools to accommodate for color-blind
model readers, or readers fromdifferent cultural backgrounds
[88]. In both examples, green shows the fail-safe context per-
ception, where the process achieves the goal with as little
sensor data as possible. Blue shows the maximum variabil-
ity, where the process flow has many options to achieve the
process goal because all intended sensors are available. The
colors purple and orange show variants of perceived con-
texts between the two extremes. The context perceptions
and, therefore, colors encompass the poor context percep-
tions. The context perception shown in blue encompasses all
green, purple, or orange elements. Orange encompasses pur-
ple and green, and purple encompasses green. We show this
explicitly in the Fischertechnik example (Sect. 2.1).

A quick recap of the Fischertechnik smart factory inbound
delivery process that we explained as our motivational exam-
ple (cf. Sect. 2.1): A workpiece’s entry into the delivery and
pickup station, signaled by interruption of the light barrier,
initiates a system process to gather environment data and cre-
ate a new product database entry. The vacuum gripper crane
(VGR) retrieves the workpiece, and its color is identified via
one of three sensor methods—a color sensor at the station,
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an RGB camera, or a brightness sensor. The result of each
method is recorded in the product database.

The workpiece is then moved to the NFC reader/writer,
where existing information is read, and new data—delivery
time, environment status, color, and product ID—is written.
The workpiece is subsequently advanced to the next station.

If color detection sensors fail, preventing color determina-
tion, the process diverts from individual production to batch
processing, given that color isn’t crucial for the latter. The
NFC reader/writer’s role is considered non-essential for such
cases, as it’s primarily used for customer updates on cus-
tomized products, which require specific color identification.

We modeled this process with the described process flow
with its context variants in Fig. 9 in BPMN and Fig. 10 in
RBPMN. At first glance, we can see that the RBPMNmodel
is smaller because sensors are not modeled as lanes. Further-
more, dependencies throughout the process become clear in
the RBPMN model, which is unclear in the BPMN model.

In Fig. 11, we see the poorest context perception that still
achieves the process goal of moving the product to the next
station (green). It still achieves this goal even if the connec-
tion to the information system is unavailable. The process
can continue to provide full customization if the color sensor
is available. This involves the elements that are highlighted
green and purple (see Fig. 12). The color sensor could fail
if the camera is available, and customization would still be
available. This involves the elements that are green, purple,
and orange (see Fig. 13). Two of the three color-determining
sensors can fail without resorting to batch processing if the
brightness sensor is available.

8 Evaluation

Evaluation of BP modeling languages is done either empir-
ically or analytically. An empirical evaluation with users
usually requires themodeling language to bewell established
and the users to have moderate experience with it [89]. This
holds especially true when comparing a language extension
to its source. As RBPMN is a very young language, this con-
dition is not fulfilled. Henceforth, we decided to provide a
thorough analytical evaluation in the form of user studies to
make up for missing empirical evidence. An analytical eval-
uation is typically a comparison to a reference framework. In
the context of our work, the most suitable approaches are the
workflow patterns framework [83] and the ontology-based
theory of representation [78, 90]. Role modeling provides an
additional evaluation possibility in the form of role features
[26]. Therefore, we present the evaluation of RBPMN for
these three approaches. In addition, because our role-based
contextmodeling approach (Sect. 6) addresses variability, we
also evaluate RBPMN with the VIVACE framework [41].

8.1 Workflow patterns

Workflow patterns describe recurring problems and solutions
of businesses. The more workflow patterns a BP model-
ing language can express, the more powerful it is [83]. The
patterns can be categorized into different perspectives. The
control flow perspective is the most relevant for evaluating
BP modeling languages. In contrast, the other perspec-
tives, resource, data, exception handling, presentation, and
log imperfection, are more oriented toward evaluating tools
[91]. As a BPMN standard conform extension, RBPMN can
express all workflow patterns that BPMN can express. In
addition, RBPMN can express the following workflow pat-
terns: Milestone, Critical Section, Scope Data, Environment
Data, Authorization, Separation of Duties, Retain familiar,
Delegation, Stateful Reallocation, andAdditional Resources.

The control-flowpatternMilestone describes that an activ-
ity can only be executed once a milestone is reached. If
the milestone is not reached within a process instance, this
activity can never be executed in this instance [92]. It can
be expressed with the help of the role condition relation-
ship. A role holding an activity can only be played once
the milestone (a previous task or event) is executed. If the
milestone is not achieved, the role is never played in this
process instance. The Critical Section’s control-flow pattern
describes that activities in two parallel subgraphs can only
be executed sequentially and never simultaneously, as they
require the same resource [92]. It is expressed through the
combination of role prohibition and role implication. The
same performer must fulfill two parallel flows (role impli-
cation) but not concurrently (role prohibition). We modeled
this pattern in Fig. 14. Role 1 and 3 must not be played in
parallel by the same performer but are to be played by the
same performer sequentially.

The data pattern Scope Data describes that a data resource
can only be accessed by some tasks of a process, not by all
tasks [92]. It can be expressed by modeling the data role
inside a location role. This means that the scope of the data
is limited to the location. In Fig. 14, only tasks A and B
and the roles 1 and 2 have access to the data role P. The
data pattern Environment Data describes that a data resource
in the external operating environment of the process can be
accessed during process execution [92]. It can be expressed
through modeling a passive role outside a pool.

The resource patternAuthorization specifies a process per-
former’s abilities [92]. It is expressed through the fact that the
played role specifies the performer’s behavior. The resource
patternSeparationofDuties describes that different resources
must execute two tasks for a process instance [92]. It can be
expressed through role prohibition. This defines that the same
performer must not play two roles.

In comparison with critical section, the role prohibition
is modeled at the start of the roles. We show this pattern
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Fig. 9 BPMN 2.0 model of smart factory inbound delivery (zoom in the electronic version or find it at publisher’s website)

Fig. 10 RBPMN model of smart factory inbound delivery (zoom in the electronic version or find it at publisher’s website)

Fig. 11 Poor context perception of inbound delivery (zoom in the electronic version or find it at publisher’s website)
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Fig. 12 Rich context perception inbound delivery (zoom in the electronic version or find it at publisher’s website)

Fig. 13 Richer context perception inbound delivery (zoom in the electronic version or find it at publisher’s website)

Fig. 14 Critical section and
scope data

in Fig. 15. Retain Familiar’s resource pattern describes that
a resource that has previously handled a work item should
continue to handle it [92]. It can be expressed through role
implication. The resource pattern Delegation describes the
possibility for a resource to delegate a work item to another
resource [92]. It is expressed through the fact that the resource
(performer) is not fixed to a role. Therefore, any other per-
former can play the role and execute the delegated task. The

resource pattern Stateful Reallocation [92] describes that a
resource delegates a task to another resource while retaining
the state of the work item. It is expressed through the fact
that the relationships are between roles and not resources
(performers). Therefore, another performer playing the same
rolewill retain the state of thework item.The resource pattern
Additional Resources [92] describes that a resource requests
another resource to support the execution of a task. It can
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Fig. 15 Workflow patterns
separation of duties and
additional resources

Table 4 Overview of workflow pattern coverage

Workflow pattern Modeling language

BPMN [91] RBPMN

Control-flow patterns 40/43 42/43

Data patterns 30/40 32/40

Resource patterns 31/43 37/43

be expressed through passive roles associated with a single
task. The responsibility for the task remains with the role,
the passive roles provide the support. In Fig. 15, the passive
role r supports the task B.

Overall, RBPMN can express ten more workflow patterns
than BPMN 2.0. We summarize this in Table 4. Therefore, it
is a more powerful BP modeling language.

Naturally, the causes are additional elements compared
to BPMN 2.0; hence, RBPMN is a more complex modeling
language.

8.2 Ontology-based theory of representation

The dominant reference framework is the Bunge–Wand–We-
ber representation model (BWW) [90]. It is intended to
describe every aspect of an information system. The eval-
uation of a language is based on two aspects: ontological
completeness and ontological clarity.

Ontological completeness covers how many elements of
the BWW are expressible in the modeling language. BPMN
is already capable of expressing a large amount. Scholars
have come to different conclusions about whether BPMN
2.0 can express State [93] or not [78]. We follow [93] that
BPMN can represent state through the Data Object Refer-
ence [16]. RBPMN can express history additionally. History
is “the chronologically ordered states a thing traverses” [90].
The role represents the state, and a performer’s roles are con-
nected through role implication. Five elements of the BWW
still remain that cannot be expressed. State Law, Conceiv-
able Event Space, Stable State, Unstable State and Lawful
Event Space. However, BWW was developed to represent a

complete information system, whereas our RBPMNpresents
only the behavior with structural hints. Therefore, a complete
representation of the BWWwas not the scope of RBPMN on
its own.

Ontological clarity is measured through construct over-
load, redundancy, and excess [78, 89]. Construct overload
occurs whenever a modeling construct describes more than
one BWW element [78]. Construct redundancy occurs when
one BWW element is described through multiple modeling
language constructs [89]. Construct excess highlights mod-
eling elements that are not relatable to any element of the
BWW [89]. A standard conform extension only adds to the
BPMNstandard. Therefore, it cannot reduce construct excess
or redundancy. Construct overload can, to some extent, be
mitigated because lanes, nowdefined as roles, and pools, now
understood as compartments, lose some of their ambiguity.
Regarding ontological clarity, RBPMNdoes not perform sig-
nificantly better than BPMN as seen in Table 5. The values
for BPMN can be compared to [94].

8.3 Role patterns

The third evaluation we made is specifically for role-based
modeling languages. Any role-based modeling language can
be evaluated for its role-feature coverage of the 27 role fea-
tures of Kühn [26]. RBPMN can express the following role
features in addition to BPMN 2.0:

The sequence of role acquisition and removal may be
restricted—The role implication relationship restricts the
sequence in which roles are acquired. To further strengthen
this, a combination of role implication and role prohibition
provides a clear sequence restriction. It can potentially be
argued that because a process is sequential, restrictions of
the sequence occur naturally. We argue that this does not
express a restriction, whereas our approach does. Roles can
play roles is clearly defined in themetamodel of our approach
and expressed through role inheritance in the model itself.
Features of an object can be role-specific and are expressed in
the metamodel as the role defines the object’s (performers’)
properties. Different roles may share structure, and behav-
ior can be expressed. Compartments may play roles that are
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Table 5 Coverage of the
Bunge–Wand–Weber
representation model

Ontological construct BPMN element RBPMN element

Thing Lane, pool Role, pool

Properties Attributes of pools, attributes of lanes Attributes of roles, attributes of pools

State Lane Role

Conceivable state
space

– ContextPerceptionLevel

State law – –

Lawful state space – Context level list

Event Start event, intermediate event, end
event, message, timer, error, cancel,
compensation, terminate, link, signal

Start event, intermediate event, end
event, message, timer, error,
cancel, compensation, terminate,
link, signal

Event space – –

Transformation Activity, task, collapsed sub-process,
expanded sub-process, nested
sub-process, transaction, call activity

Activity, task, collapsed sub-process,
expanded sub-process, nested
sub-process, transaction, call
activity

Lawful
transformation

Default flow, uncontrolled flow,
exception flow

Default flow, uncontrolled flow,
exception flow

Lawful event space – –

History – Role implication

Coupling Message flow Message flow

System Pool, role Pool, role

System composition Pool, role Pool, role

System environment Pool, role Pool, role

System structure Pool, role Pool, role

Subsystem Pool, role Pool, role

System
decomposition

Pool, lane Pool, lane

Level structure Pool, role Pool, role

Stable state – –

Unstable state – –

External event Start event, intermediate event, end
event, message, timer, error, cancel,
compensation, terminate

Start event, intermediate event, end
event, message, timer, error,
cancel, compensation, terminate

Internal event Start event, intermediate event, end
event, message, error, cancel,
compensation, signal, link, terminate

Start event, intermediate event, end
event, message, error, cancel,
compensation, signal, link,
terminate

Well-defined event Compensation, end event Compensation, end event

Poorly defined event Message, timer, error, cancel, terminate,
start event, intermediate event

Message, timer, error, cancel,
terminate, start event, intermediate
event

Class Lane, data object Role

Kind Lane Subrole
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part of themselves can be seen in subprocesses, where the
pool (compartment) is split into multiple roles. The pool can
play each of these roles. Different compartments may share
structure, and behavior is defined in the metamodel.

We summarize the results in Table 6.

8.4 Process variability

The fourth evaluation is about variability modeling, which
was not part of the original conference paper [7]. For this
evaluation, we chose the VIVACE framework [41]. VIVACE
is a framework for a systematic assessment of process vari-
ability approaches (shown inTable 7).A recent publication of
it allows us to compare RBPMNwith other BPMN2.0 exten-
sions that focus on variability [40]. The framework starts
with defining the language. RBPMNs is a BPMN extension.
Then, the technique of how the variability ismodeled is either
through a set of models (multi-artifact) or, as is the case for
our RBPMN, within one model (single artifact). The next
line is the method, explaining how variability is achieved.
Our role-based context modeling approach is based on hid-
ing process paths and elements. An element is hidden if a
task, event, or role of its associated context perception fails.
In the following section, we explain how RBPMN fulfills the
variability-specific language constructs of Table 7.

8.4.1 Variability-specific language constructs

Elementswithin anRBPMNmodel possess the attributeCon-
textLevel (inherited from BaseElement) that defines their
context perceptions, meaning certain process regions are hid-
den if the required context information is not perceived (C1
in Table 7). Which alternative is followed depends on the
perceivable context information and what is defined as the
standard path (C2 in Table 7). The context attribute defines
what a configurable region or alternative requires to be avail-
able as a process path (C3 in Table 7). The chosen variant
depends on the current context perception (e.g., Figs. 11 and
12, or 13). Any variant requiring currently not perceivable
context information is unavailable as an alternative.

Furthermore, a new variant must contain the poorest con-
text perception and be derived from the very rich context
perception. This ensures that process model variants are
always semantically and syntactically correct (C4 inTable 7).
The variants are predefined at design time, but the one fol-
lowed is only determined at runtime (C5 in Table 7).

8.4.2 Variability support features

Analysis and design phase We developed a modeling tool
for RBPMN with the ADOxx development toolkit2 to use

2 https://www.adoxx.org/.

Table 6 Role feature coverage

Role feature BPMN RBPMN

1. Roles have properties and behaviors ● ●

2. Roles depend on relationships ● ●

3. Objects may play different roles
simultaneously

● ●

4. Objects may play the same role (type)
several times

◍ ◍

5. Objects may acquire and abandon
roles dynamically

◍ ◍

6. The sequence of role acquisition and
removal may be restricted

◯ ●

7. Unrelated objects can play the same
role

◯ ●

8. Roles can play roles ◑ ●

9. Roles can be transferred between
objects

◍ ◍

10. The state of an object can be
role-specific

◍ ◍

11. Features of an object can be
role-specific

◯ ◑

12. Roles restrict access ◍ ◍

13. Different roles may share structure
and behavior

◑ ●

14. An object and its roles share identity ◍ ◍

15. An object and its roles have different
identities

◍ ◍

16. Relationships between roles can be
constrained

◯ ◯

17. There may be constraints between
relationships

◯ ◯

18. Roles can be grouped and
constrained together

● ●

19. Roles depend on compartments ● ●

20. Compartments have properties and
behaviors

● ●

21. A role can be part of several
compartments

◯ ◯

22. Compartments may play roles like
objects

● ●

23. Compartments may play roles which
are part of themselves

◯ ◑

24. Compartments can contain other
compartments

● ●

25. Different compartments may share
structure and behavior

◯ ◑

26. Compartments have their own
identity

◍ ◍

27. The number of roles occurring in a
compartment can be constrained

● ●

No support: ◯; partial support: ◑; full support: ●; only for instance
level:◍
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the modeling language (F1.1). As there is a semantically and
syntactically correct model for every context perception, ver-
ifying variants of a configurable model is possible (F1.2).
Furthermore, every variant can be validated (F1.3). The sim-
ilarity of BP variants can be compared by analyzing how
much of a context perception is captured by another context
perception. Therefore, an analysis of the intersection over
union of two perceived contexts can evaluate the similarity
between the two variants (F1.4). Because there are the rich-
est and poorest perceptions of context, any process variant is
between those two. Amerge of multiple variants is limited to
the richest perception context (F1.5). Therefore the analysis
and design phase variability features [41] can be covered by
RBPMN and our modeling tool.

Configuration phase The variant is configured by defin-
ing the context perceptions in which an RBPMN element is
active or executed within the very rich context perception
RBPMN model. Depending on the available context, infor-
mation variants can be derived. The process variant of that
context perception is displayed by setting a specific context
perception to active within the tool. In contrast, anything out-
side this perception is hidden (F2).

Enactment phase During runtime, if required context infor-
mation is unavailable (e.g., faulty sensor), the process can fall
back to a variant requiring less context information (F3.1).
This can continue until the point where the process follows
the poorest perceivable context variant. It is just a switch
from one predefined variant to another. Therefore, we con-
clude only partial fulfillment of (F3.2) as there is no move to
a more perceived context for one instance. Some decisions,
even though theywould be available, are only decided during
enactment time if certain context conditions are met.

Diagnosis phase There is no support for theDiagnosis phase
(F4) as the VIVACE framework defines it [41]. The condi-
tions for configuration at design and runtime are realized
through the availability of contextual information. Suppose
the information that is relevant to that variant is not present,
then the variant chosen at design time is no longer followed
at runtime.

Evolutionphase Thefirst variant and, therefore, the first ver-
sion of a process should always be the one that requires the
least amount of contextual information to achieve the process
goal. Any addition of contextual information, for example,
through additional sensors, results in a new context percep-
tion and, therefore, a new version of the process. The very
rich context perception is extended each time a new sensor or
actuator is added and becomes the next version of the process
model (F5.1). RBPMN, with our modeling style, does not
support the automatic propagation of changes to one context

perception. One could argue that any change to the poorest
perceivable context process model is directly translated to
all other models. However, changes to the very rich perceiv-
able context process model (the configurable model) are not
translated to variants if the changes only concern elements
outside the context perception of the variants (F5.2).

Tool implementation For tool implementation (seeTable 7),
we can thus far say that there is a tool for the language. It
enables the design of a configurable process model, but the
tool is not publicly available yet. There is support for model-
ing and configuring variants, but no guidelines for deriving
process variants exist.

Empirical evaluation The VIVACE framework also
addresses empirical evaluation. We do not see the aspect
of empirical evaluation as completely fulfilled because even
though we showed its applicability through the demonstra-
tion and the different evaluations, user studies are missing.
These remain open, and we intend to conduct them soon.

Application domain The application domain (Table 7 last
line) we show in this paper is CPS. However, RBPMN is
intended as a domain-independent modeling language.

RBPMN can provide a high degree of variability based on
our evaluation through the VIVACE framework. However,
RBPMN does not incorporate the temporal or operational
perspective. Furthermore, the empirical evaluation through
user studies is missing, the tool is not published with a proper
manual for general use, and variant diagnosis and propaga-
tion of changes are lacking.

8.5 Physics of notation

We do not claim that a theoretical evaluation of the com-
prehensiveness of RBPMN is comparable to results from a
user study. Nevertheless, we can argue that Daniel Moody’s
Physics of Notation provides a well-established framework
for the development and evaluation of modeling languages
[84]. Our evaluation is centered on the extent to which the
nine designprinciples are successfully integrated inRBPMN.
By comparing our findings to those of thewidely usedBPMN
2.0 standard [95], we provide a comprehensive assessment
of RBPMN’s capabilities.

1. Principle of Semiotic Clarity: There should be a 1:1 cor-
respondence between semantic constructs and graphical
symbols [84].

This principle analyzes symbol redundancy, symbol over-
load, symbol excess, and symbol deficit. These aspects were
already evaluated exhaustively in Sect. 8.2. As a standard-
conformant BPMN extension, RBPMN can alleviate symbol
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deficit by introducing new elements, whereas it cannot miti-
gate symbol excess.

2. Principle of Perceptual Discriminability: Different Sym-
bols Should Be Clearly Distinguishable from Each Other
[84].

In RBPMN, all roles are represented as rectangles, which
may compromise discriminability. However, active roles
can be distinguished by containing activities, and loca-
tion roles are visually distinct due to their double border
and semi-transparent design, thus preserving some level of
discriminability. Furthermore, the use of iconic signs for pas-
sive roles can enhance discriminability. The relationships in
RBPMN that diverge from those in BPMN are differenti-
ated through distinct arrowheads and line styles. Notably,
RBPMN, similar to BPMN, does not employ textual differ-
entiation [16, 95].

3. Principle of Semantic Transparency: Use Visual Repre-
sentations Whose Appearance Suggests Their Meaning
[84].

In contrast to BPMN, RBPMN suggests the adoption of
iconic signs to enhance visual representation. BPMN already
employs iconic signs forDataObject,Data Storage, andMes-
sage [16]. Furthermore, RBPMN allows for the use of iconic
signs for each passive role, thereby increasing the semantic
transparency of the model. This advancement enables a more
intuitive understanding of the model’s structure and relation-
ships.

4. Principle of Complexity Management: Include Explicit
Mechanisms for Dealing with Complexity [84].

The fourth principle of the Physics of Notation highlights
the importance of facilitating the decomposition of complex
processes into more manageable parts. In RBPMN, the role-
based approach effectively achieves this by introducing a
clear hierarchical structure and sequence through the defi-
nition of roles and role relationships. The role gateway and
role start event mechanisms further enable the management
of role transitions, allowing for a more controlled and effi-
cient process flow.

5. Principle of Cognitive Integration: Include Explicit
Mechanisms to Support Integration of Information from
Different Diagrams [84].

The fifth principle of the Physics of Notation empha-
sizes the importance of providing a coherent and unified
view of complex systems by integrating multiple process
models. BPMN partially addresses this principle through

subprocesses and link events, enabling the explanation of
how multiple process models relate to each other and form a
larger system [95]. RBPMN takes a significant step further
by proposing a unifiedmodeling concept that bridges the gap
between structural and behavioral modeling [96]. This uni-
fied approach enables better cognitive integration, as it not
only integrates diagrams of the same type but also provides
a holistic view of the system.

6. Principle of Visual Expressiveness: Use the Full Range
and Capacities of Visual Variables [84].

Since RBPMN allows tasks to involve multiple roles and
therefore spanmultiple lanes, the size of a task ismeaningful.
Hence, task size facilitates visual expressiveness that goes
beyond what BPMN can provide [95].

7. Principle of Dual Coding: Use Text to Complement
Graphics [84].

For BPMN and RBPMN text is not an adequate option for
encoding information [95]. Therefore, both notations fail to
make good use of this principle. Dual Coding is primarily
used for gateways to describe the conditions.

8. Principle of Graphic Economy: The Number of Different
Graphical Symbols Should Be Cognitively Manageable
[84].

As a standard-conform BPMN extension, RBPMN can-
not improve graphic economy since it includes all BPMN
elements. The principle of graphic economy suggests a max-
imum of six different graphical constructs for novices [84].
BPMN has 171 [95], and RBPMN introduces even more
with the possibility of using iconic signs. Both modeling
languages perform poorly in this regard.

9. Principle of Cognitive Fit: Use Different Visual Dialects
for Different Tasks and Audiences [84].

Elements from other modeling languages, such as UML
class diagrams and business role-object specification, can
enhance cognitivefit by leveraging users’ existing knowledge
and familiarity. The concept of roles, which is fundamental
to our daily lives, can also contribute to improved cogni-
tive fit. However, for users without prior knowledge of the
role concept presented in RBPMN, the cognitive fit may
be compromised due to the introduction of an additional
unfamiliar concept. Regarding the idea of different visual
dialects, RBPMN aims to bridge this gap by providing a
common visual language that can facilitate communication
and understanding among different stakeholders. In this con-
text, BPMN, as a standardized notation, can offer a greater
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cognitive fit when used in conjunction with different visual
dialects. (e.g., Method and Style for analytics and executable
models for programming).

Overall, RBPMN adheres stricter to the Physics of Nota-
tion for the principles of semiotic clarity, semantic trans-
parency, cognitive integration, and visual expressiveness.
RBPMN, compared to BPMN, adheres equally well to the
Physics of Notation for the principles of perceptual dis-
criminability, cognitive fit, dual coding, and complexity
management. Compared to BPMN,RBPMNperformsworse
in terms of graphical economy. This is due to the introduc-
tion of additional graphical constructs, such as iconic signs,
which can increase the visual complexity of the notation.

9 Discussion

In line with the design science research methodology, we
started the development of our solution to address the chal-
lenges that arose from our example (see Sect. 2.1) and from
researchers (see Sect. 2.2).We formulated our research ques-
tions and objectives based on these challenges. We will
provide the answers to the questions and how the objectives
are fulfilled in the following subsections.

9.1 Objective 1: increase the expressiveness of BP
models to model a variety of process
participants

The process performers are sorted into active roles that
change the state of others and passive roles that determine
the state of others (see Sect. 5). The type of performer, be it
human, machine, sensor, actuator, system, or anything else,
is not influencing the determination of the role type they play.
The intended abilities define if a performer plays an active or
passive role in a process. The role types are modeled differ-
ently because, if passive roles were modeled as swimlanes,
like the sensors were in our motivating example (Sect. 2.1,
Figs. 1 and 2), the number of swimlanes in a process explode.
Overall, our RBPMN can cope with the variety of process
performers and provide a concept to model new process per-
former types that are not thought about yet. Therefore, we
consider this objective fulfilled.

9.2 Objective 2: increase the overlap
of the structural and the behavioral modeling
perspectives

Implementing a BP requires stakeholders of different back-
grounds who use different constructs to address different
aspects of the process to communicate. Suppose the stake-
holders can spotwhere their aspects are considered in another
stakeholders’ model. In that case, they are assured there is

no ambiguity regarding the BP. RBPMN has roles as the
key modeling construct and role relationships for modeling
some structural aspects. Roles have structure and behavior
(see Sect. 8.3, features 1 and 13). With the role inheritance
relationship, we make relations between roles more explicit.
The BPMN 2.0 standard only implies inheritance between
data objects through naming. RBPMN enables modelers to
make it explicit so that there is no confusion from which role
another role (or specifically data role, for that matter) inherits
attributes.

RBPMNwas designed with the behavior-aware structural
modeling language BROS [36] as the complement in mind.
Both modeling languages share a coherent role understand-
ing, which enables a truthful translation between structural
and behavioral models [96]. Overall, we see this objective as
mostly fulfilled. While a BP model could have more struc-
tural aspects, this would conflict with objective 4.

9.3 Objective 3: increase comprehensiveness of BP
models throughmodeling constructs that are
well understood in the real world

In Sect. 3.1, we cited Steimann, who argued that roles are
fundamental to understanding the world [21]. Our goal was
to use this well-known concept from the real world, rather
than amore abstract concept like class, to make business pro-
cess (BP)models easier to understand.Wewanted to improve
comprehension of BP models, not just simplify them or the
modeling languages used to create them. There are already
BP modeling languages that have relatively few objects and
relations, like the UML Activity Diagram [12], compared
to the more complex BPMN 2.0 [4]. However, using a com-
plex language does not necessarily result in complexmodels,
as more aspects can be explicitly expressed. Our RBPMN
introduces new modeling constructs (see Sect. 5.3ff), which
increases the complexity of themodeling language compared
to BPMN 2.0.

While the complexity has increased, it could be assumed
that understanding RBPMN models from a structural per-
spective might be simpler than BPMN, given that a number
of the new constructs have a direct translation into structural
modeling with BROS [96]. In addition, as our evaluations
in Sects. 8.1 and 8.2 demonstrate, RBPMN is more expres-
sive than BPMN. The newRBPMN constructs not only unify
behavioral and structural modeling but also increase expres-
siveness.We feel thatwemight have achievedour objective to
someextent.RBPMNmodels could potentially bemore com-
prehensive for stakeholders familiar with the role concept,
and it’s realistic to assume that their ontological clarity has
not been reduced (Sect. 8.2). Our context modeling approach
might assist model readers in understanding how multiple
BP model variants are connected (Sect. 6). We made a first
assessment using the Physics of Notation framework of [84]
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as previously done by [95] and compared RBPMN to their
evaluation of BPMN. However, a fully objective assessment
of the comprehensiveness of RBPMNwould necessitate user
studies with novices and experts in the language, which have
not been conducted yet.

9.4 Objective 4: enhance variability modeling
for context-sensitive processes

Our context modeling approach (see Sect. 6) supports mod-
elers in expressing process variants for different levels of
context perception. Our evaluation through the VIVACE
framework [31] (Sect. 8.4) showed that RBPMN can support
most variability concepts. Compared to other BPMN exten-
sions that were evaluated by the VIVACE framework in a
recent literature review [40], RBPMN supports more vari-
ability, although using context parameters to define variant
choice is not a new approach. However, the variability mod-
eling in RBPMN is for different context perceptions, not for
different contexts.

Variability is just one of four aspects of business pro-
cess flexibility [43]. This paper did not address the other
aspects: adaptation, looseness, and evolution. Furthermore,
our approach to model context-sensitive variability was
demonstrated with one CPS example. While we assume that
our findings and the benefits of our approach hold for other
domains, proving it was out of the scope of this paper. Nev-
ertheless, RBPMN clearly enhances variability modeling for
context-sensitive processes. This is why we consider this
objective satisfied.

Overall, the research objectives O1, O2, O3, and O4 were
fulfilled to a high degree. This also enables us to answer
our research questions. The answer to the first research
question: “How can the expressiveness, variability, and com-
prehensiveness of business process models be improved?”
is through incorporating a modern understanding of roles
(Sects. 5 and 6). The answer to the second research question:
“How can context-sensitive variability of business process
models be improved?” is through the definition of different
levels of context perception for context-sensitive process ele-
ments (Sect. 6).

However, there are some limitations of our work we must
address. RBPMN is not a cure-all to every modern BP mod-
eling challenge (Sect. 2.2). Unifying behavior modeling with
othermodeling perspectives requires the coherent use of roles
in all perspectives. RBPMN supports this in combination
with BROS [36, 96], but there are more perspectives to sys-
tems. The value of roles for perspective unification drops
if only one language uses them without a coherent under-
standing. Loose and evolving processes require continuous
structural changes even at runtime [43], which is something
neither RBPMN nor our context modeling approach can
freely express.

Had we started our research endeavor with a different role
understanding or developed an entirely new BP modeling
language, potentially all objectives could have been fulfilled
completely, or we could have addressed more challenges.
But, aswe explained inSect. 5.1, the downsides of developing
a new language led us to extend an existing standard.

RBPMN is thoroughly evaluated from an analytical point
of view and has proven its value and the value of roles. The
resulting RBPMN models of one CPS are more expressive
than the BPMN 2.0 models and can contain multiple variants
that are based on different levels of context perception.

10 Conclusion and future work

BP modeling is in a crisis because modern BPs have become
increasingly complex. Modern BPs are context-sensitive
interactions of diverse process performers, such as humans,
machines, systems, sensors, actuators, software, and more
(Challenge 1). The corresponding BP models must represent
their implementation truthfully (Challenge 2) to ensure that
the required context-sensitivity is upheld (Challenge 4) and
that automation of theBPs is possible. Of course, as ourmoti-
vating example had shown, even small BPs result in complex
models that are hard to comprehend (Challenge 3). Context
sensitivity also leads to a large variety of BP models, which
puts additional pressure on variability requirements (Chal-
lenge 5).

We contribute RBPMN, a standard-conform BPMN
extension, and a context-sensitive modeling approach to
overcome these challenges. Challenge 1 is solved with the
active, passive, and location roles of RBPMN. The performer
type, be it human, machine, or else, is irrelevant to the BP,
as the grouping is based on the played role. Challenge 2
is addressed through the role relationships, which express
structural aspects hidden in BPMN 2.0, and roles as the
key modeling construct because roles are found in many
stakeholder perspectives. Challenge 3, increasing the com-
prehensiveness of BPmodels, was approached through roles,
as they are a well-known concept in the real world. How-
ever, no concluding statement can be made on whether this
challenge has been solved or not until empirical evidence is
gathered in future work.

Furthermore, adding structural aspects for challenge 2 also
enables stakeholders from the structural perspective to better
understand an RBPMN model. Roles are context-sensitive
by their nature (see Sect. 3.1), which inspired us to extend
BPMN 2.0 to introduce a context attribute that is based on
context perception to solve challenge 4. Every BP modeling
element possesses it (Sect. 6), which defines at which level of
context perception an element becomes active in a process.
This also helps for challenge 5, forwhichRBPMNcan reduce
the complexity of multiple BP variants within one context.
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This can also enable analysts to monitor the current active
variant of a BP at runtime (Sect. 6.4).

A high degree of variability can be expressed with our
RBPMN. We demonstrated its potential with an exem-
plary model of a smart factory. Our evaluation of RBPMN
through workflow patterns (Sect. 8.1), representation the-
ory (Sect. 8.2), role feature coverage (Sect. 8.3), VIVACE
(Sect. 8.4), and the Physics ofNotation framework (Sect. 8.5)
show the value a role-based approach has for BP modeling.

Overall, our evaluation shows that RBPMN is a promising
approach that can solve the challenges of modern business
process modeling. Practitioners benefit from easier unifica-
tion with other modeling perspectives, frommodeling with a
well-understood construct, and from the improved context-
sensitive variability of their BP models. The value of roles
for business process modeling could only be greater if com-
plementary models of other perspectives are role-based as
well.

Future work will conduct a user study to evaluate the
comprehensiveness of RBPMN for novices of the modeling
language. The semantics of RBPMNelementswere designed
to fulfill the research objectives. An improvement in future
work will be to ground them on a foundational ontology.
Furthermore,wewill conduct a case studywith two large pro-
cesses from the banking domain to investigate if the benefits
stay true in other domains. A fundamental aspect of this study
is the validation of our approach for semi-automated pro-
cesseswhere human involvement is crucial. This necessitates
a more sophisticated context modeling strategy, as humans
can be viewed as multi-sensor entities that can alter the state
of a process. As a result, one individual can assume both
active and passive roles within the same process instance,
adding complexity to the process model. In addition, the
runtime support (Sect. 6.4) works best in a role-based envi-
ronment, which is not the current standard. Henceforth, we
will extend our RBPMN modeling tool and provide it to the
public.
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